Abstract Although a number of inflammatory cytokines are increased during sepsis, the clinical trials aimed at down-regulating these mediators have not improved the outcome. These paradoxical results are attributed to loss of the "tolerance" phase that normally follows the proinflammatory response. Chronic nicotine (NT) suppresses both adaptive and innate immune responses, and the effects are partly mediated by the nicotinic acetylcholine receptors in the brain; however, the mechanism of neuroimmune communication is not clear. Here, we present evidence that, in rats and mice, NT initially increases IL-1β in the brain, but the expression is downregulated within 1-2 week of chronic exposure, and the animals become resistant to proinflammatory/pyrogenic stimuli. To examine the relationship between NT, IL-1β, and immunosuppression, we hypothesized that NT induces IL-1β in the brain, and its constant presence produces immunological "tolerance". Indeed, unlike wild-type C57BL/6 mice, chronic NT failed to induce immunosuppression or downregulation of IL-1β expression in IL-1β-receptor knockout mice. Moreover, while acute intracerebroventricular administration of IL-1β in Lewis (LEW) rats activated Fyn and protein tyrosine kinase activities in the spleen, chronic administration of low levels of IL-1β progressively diminished the pyrogenic and T cell proliferative responses of treated animals. Thus, IL-1β may play a critical role in the perception of inflammation by the CNS and the induction of an immunologic "tolerant" state. Moreover, the immunosuppressive effects of NT might be at least partly mediated through its effects on the brain IL-1β. This represents a novel mechanism for neuroimmune communication.
shown that chronic inhalation of cigarette smoke suppresses the immune system in humans and experimental animals; reviewed in (Sopori et al. 1998a; Stampfli and Anderson 2009) . Nicotine (NT), the major immunosuppressive compound in cigarette smoke, may affect immune and inflammatory responses through the central and peripheral mechanisms (Sopori et al. 1998b; Sopori 2002; Wang et al. 2003; van Westerloo et al. 2005; Mishra et al. 2008) . We have reported that while acute NT increases intracellular calcium [Ca 2+ ] i in T cells ), chronic exposure of animals to NT causes T cell anergy through constitutive activation of protein tyrosine kinase (PTK) activity, including Fyn, production of inositol-1,4,5-trisphosphate, and depletion of inositol-1,4,5-trisphosphatesensitive Ca 2+ stores, leading to loss of TCR-mediated elevation in [Ca 2+ ] i (Geng et al. 1996; Kalra et al. 2000) . The immunosuppressive effects of chronic NT treatment in vivo are, at least partially mediated through the nicotinic acetylcholine receptors in the CNS, and the effects are independent of the hypothalamus-pituitary-adrenal (HPA) axis (Sopori et al. 1998b; Singh et al. 2000) .
The mechanism by which NT modulates the immune/ inflammatory system through the CNS is not clear. There is evidence that cytokines in the brain play an important role in the regulation of the inflammatory and anti-inflammatory responses. For example, neuroinflammation may damage neurons, but it also confers neuroprotection (Stoll et al. 2002) . Increasing evidence suggests that proinflammatory cytokines such as IL-1β also provide neuroprotection and dampen neuroinflammation (Stoll et al. 2002; Jin et al. 2009; Pinteaux et al. 2009 ). Similarly, head trauma/injury, usually associated with a pyrogenic response (Badjatia 2009) , also leads to systemic inflammatory response syndrome followed by a compensatory anti-inflammatory response syndrome (Lenz et al. 2007; Lu et al. 2009 ). Proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 have been implicated in acute inflammatory responses (Dinarello 2000) ; however, there is increasing evidence that early presence of these cytokines might have a protective role in sepsis (Torre et al. 1994 ; del Rey and Besedovsky 2000; Kox et al. 2000) . Similarly, pretreatment with sublethal doses of endotoxin increases proinflammatory cytokine production, but protects against septic peritonitis through a mechanism independent of adaptive immunity (Urbaschek and Urbaschek 1987; Varma et al. 2005) ; these results can be achieved by pretreatment with IL-1β and TNF-α (Urbaschek and Urbaschek 1987) . In this communication, we present evidence that (a) acute NT exposure induces IL-1β in the brain, but the response is lost through continued exposure to NT, leading to an immunologic "tolerant" state, and (b) while an acute administration of IL-1β in the brain activates splenic T cells, continued exposure suppresses the pyrogenic response and T cell function.
Materials and methods

Animals
Male pathogen-free Lewis (LEW) rats were purchased from Harlan Sprague-Dawley Farms (Branchburg, NJ, USA), and IL-1 receptor knockout (IL-1R KO) mice and wild-type (WT) control (C57BL/6) mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Rats and mice were housed individually in class 100 air quality rooms with 12-h light/dark cycle; food (Teklad certified diet) and water were provided ad libitum. Animals were maintained at the thermo-neutral temperatures, i.e., 25±1°C (rats) and 30±1°C (mice). Three-to 4-month old animals were used in these experiments. The Lovelace Respiratory Research Institute IACUC reviewed and approved these studies.
Reagents
Monoclonal antibodies to the rat αβ-TCR and the appropriate isotype control antibodies were purchased from PharMingen (San Jose, CA, USA), and the antip59 fyn antibody was purchased from Upstate Biotechnology (Lake Placid, NW, USA). Other reagents were obtained from the following vendors: recombinant rat IL-1β (R & D Systems, Inc., Minneapolis, MN, USA), guinea pig complement (Cedarlane Laboratories, Ltd, Burlington. Ontario, Canada), chlorisondamine (Tocris Cookson, Ltd., Ellisville, MO, USA), (±) NT base (MP Biomedicals, Inc., Santa Ana, CA, USA), and P 32 -ATP (MP Biomedicals). Unless mentioned otherwise, all other reagents, including acetyl-methyl ester of indo-1 and Con A were obtained from Sigma-Aldrich (Saint Louis, MO, USA).
IL-1β treatment
For constant administration, IL-1β (100 ng/kg/day) was given through a subcutaneous (s.c.) implanted Alzet miniosmotic pumps (Alzet Corp., Cupertino, CA, USA) that delivered a volume of 0.25 μl/h. The pumps were implanted as described (Geng et al. 1996) . Briefly, rats were anesthetized with isoflurane-oxygen and shaved at the base of the neck. A pocket of approximately 2 cm was made by a transverse incision under the skin, and the pumps were placed in the pocket with the delivery end of the pump facing toward the bottom of the pocket. For intracerebroventricular (ICV) delivery, a 5-mm long, 28-gauge stainless steel cannula was placed stereotaxically into the rat, and connected to a s.c. -implanted miniosmotic pump (ALZET Brain Infusion Kit, Alzet Corp) as described (Sopori et al. 1998b) . Rats were anesthetized with a mixture of ketamine (85 mg/kg) and xylazine (15 mg/kg). For ICV placement of cannulas, the coordinates were 1 mm posterior to the bregma and 1.4 mm lateral to the midline. Miniosmotic pumps were filled with IL-1β in artificial cerebrospinal fluid (aCSF) or aCSF only (control). In some rats, a single injection of 50 ng of IL-1β was given either by a s.c. injection in 0.1 ml saline or administered in 6 μl of aCSF in ICV cannulas placed surgically 1 week prior to IL-1β injection.
NT treatment
Nicotine was administered as (±) NT base through s.c.-implanted miniosmotic pumps that delivered 2 mg of the NT/day/kg body wt in C57BL/6 mice and LEW rats. In rats, this amount of NT raises the blood cotinine (the main metabolic byproduct of nicotine) level equivalent to humans smoking ≤1 packet of cigarettes/day (Geng et al. 1995) . To study acute effects of NT, some mice received a single intraperitoneal (i.p.) injection of 7.5 μg of NT, while LEW rats received a single i.p. injection of 62.5μg of NT.
Immunizations
To determine the antibody-forming cell (AFC) response, 4 days prior to sacrifice, animals were injected with 5×10 8 sheep red blood cell (SRBC) intravenous (i.v.) and i.p. into rats and mice, respectively (Sopori et al. 1989 ).
Collection of tissues and purification of T cells
Rats were scarified by isoflurane inhalation; some animals were perfused through the heart with endotoxin-free saline prior to the removal of the brain. Brains were collected, dissected longitudinally into halves, and placed in tubes containing TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH, USA), snap frozen in liquid nitrogen, and stored at −80°C for later RNA extraction. Spleens were harvested and cell suspensions made as described (RazaniBoroujerdi et al. 1994a) . Briefly, spleens were pressed through stainless steel mesh and treated with buffered NH 4 Cl solution to lyse red blood cells. Cells were washed 3 times with PBS and resuspended in complete tissue culture medium (RPMI 1640 supplemented with 10% heatinactivated fetal calf serum, 2 mM L-glutamine, 50 μM 2-mercaptoethanol, 1 mM sodium pyruvate, and 1% penicillin/streptomycin). Purified splenic T cells were obtained by MACS separation (Miltenyi Biotec Inc., USA). Spleen cells were suspended in PBS containing 2 mM EDTA and 0.5% BSA, and incubated with Rat Pan T cell Micro beads (Miltenyi Biotec) for 15 min at 4°C, washed with the same buffer, and loaded onto magnetized columns.
The column was moved out of the magnetic field, and the retained cells (purified T cells) were eluted from the column with the buffer.
Assay for AFC response
The primary direct AFC response was determined by the Cunningham and Szenberg method as described (Sopori et al. 1989) . Briefly, spleen cells were mixed with 2% SRBC and 20 μl of guinea pig complement (pre-absorbed on SRBC) in a final volume of 140 μl. Aliquots were distributed in duplicates into Cunningham slide chambers, incubated for 45 min at 37°C, and counted under lowpower microscope. Results were expressed as AFC/10 6 spleen cells.
Assay for T cell proliferation
Proliferative responses were performed as described (Geng et al. 1995) . Briefly, in a final volume of 0.2 ml of complete medium, 2×10 5 spleen cells were cultured in triplicate in flat-bottomed, 96-well microtiter plates in the presence and absence of indicated concentrations of Con A or anti-αβ-TCR monoclonal antibody. Unlike the mouse and human T cells, rat T cells are activated to proliferate with anti-TCR antibodies without anti-CD28. Plates were incubated at 37°C in a 5% CO 2 atm. After 48 h, culture wells were labeled with 0.5 μCi of [ 3 H]-thymidine (New England Nuclear Corp, Newton, MA, USA) and harvested 24 h later by a Skatron cell harvester (Molecular Devices Inc, Sunnyvale, CA, USA). Samples were counted in a liquid scintillation counter and results expressed as the mean cpm ± SEM of triplicate cultures.
Assay for intracellular ionized calcium in lymphocytes
The intracellular calcium level ([Ca 2+ ] i ) of splenocytes was measured using acetyl-methyl ester of indo-1 under the conditions described (Razani-Boroujerdi et al. 1994a) . Briefly, cells (5×10 6 /ml) were incubated at 37°C for 30 min with 5 μM acetyl-methyl ester of indo-1 in loading medium (PBS containing, 2 mM CaCl 2 , 1 mM MgCl 2 , and 3% FCS). After washing, cells were suspended in loading medium and incubated at 37°C for 30 min in 5% CO 2 . Cells were kept in the dark on ice until the assay. Before each measurement, 1 ml of the cell suspension was washed and resuspended in 2 ml of the loading medium. The [Ca 2+ ] i of cells was determined by spectrofluorometry in a PTI Deltascan fluorometer (Photon Technology International, Inc., Birmingham, NJ, USA) at 37°C with constant, gentle stirring. Recording of cell fluorescence was started 60 s before the addition of the αβ anti-TCR and the secondary antibody in rats, and anti-CD3 plus anti-CD28 antibodies in mice. [Ca 2+ ] i was calculated as previously described (Razani-Boroujerdi et al. 1994b ).
Assay for PTK and Fyn activities
Protein tyrosine kinase activity was determined by immunoblotting using anti-phosphotyrosine antibodies (Geng et al. 1996) . Briefly, purified spleen cells were suspended in the complete medium and incubated with anti-TCR antibody (2 μg/ml) or an equivalent amount of isotype control antibody for 2 min at 37°C. The reaction was stopped by the addition of ice-cold PBS, and the cell pellet was lysed in cold RIPA buffer (50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.25% sodium deoxycholate, 1% Nonidet P-40, 1 mM EDTA, 50 mM NaF, 1 mM activated Na 3 VO 4, and protease inhibitors: 1 mM PMSF, and 1 μg/ml each of aprotinin, leupeptin, pepstatin). The lysates were clarified by centrifugation and aliquots of the lysate boiled in Laemmli sample buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 10 mM DTT, and 0.001% bromophenol blue) for 5 min. Protein concentration was determined by the bicinchoninic acid method (Thermo Fisher Scientific Inc., Rockford, IL, USA), and equal amounts of proteins (10-20 μg) were electrophoresed on 7.5% SDS-PAGE and transferred on polyvinylidene difluoride membranes. The blots were blocked with 5% dry skim milk protein (Upstate Biotech. Inc.) in 10 mM Tris-HCl pH 7.4 containing 150 mM NaCl for 1.5 h at room temperature. The blots were washed and probed with anti-phosphotyrosine monoclonal antibody and developed with HRP-conjugated second antibody. Fyn kinase activity of the lysates was determined essentially by the method of Gould and Hunter (Gould and Hunter 1988) . Briefly, 10 μl of anti-p59 fyn antibody was added to 500 μl of cell lysate (1 mg protein/ml) and incubated overnight at 4°C on a rocker. Protein-AG (50 μl) was added to the sample, and the mixture was incubated at 4°C for 3 h. The immunoprecipitates were washed 3X with RIPA buffer and 2X with the kinase buffer (50 mM Tris-HCl, pH 7.4, 3 mM MnCl 2 , 0.1 mM Na 3 VO 4 ), and resuspended in the kinase buffer. The kinase activity of the immunoprecipitate was assayed by incubating the immunoprecipitates with 0.2 μg of acid-treated enolase (Sigma-Aldrich) and γ-32 P-ATP (10 μCi) for 20 min at room temperature (Cooper et al. 1984; Gould and Hunter 1988) . The reaction was stopped by the addition of Laemmli sample buffer, boiled for 5 min, and the samples analyzed on 10% SDS-PAGE. The gel was dried, and the phosphorylated enolase was visualized by autoradiography.
Real-time PCR (qPCR) for IL-1β mRNA expression Total RNA was isolated from the frozen brain as described . Briefly, tissues were homogenized in the presence of TRI Reagent (Molecular Research Center). Total RNA was isolated using the BCP phase separation reagent (Molecular Research Center Inc.). RNA was precipitated by 2-propanol and washed with 75% ethanol. The RNA pellet was dried for a short time, resuspended in RNase-free water, and quantitated spectrophotometrically. The IL-1β and GAPDH primers and probes were purchased from Applied Biosystem (Foster City, CA). qPCR was performed on the Prism 7900 HT sequence Detection System (Life Technologies Corp., Carlsbad, CA, USA), using the one-step RT-PCR master mix (Life Technologies Corp.), and standard protocols. PCR was performed for 40 cycles with denaturation (95°C for 15 s) and annealing (60°C for 60 s). All results were derived from the linear amplification curve and normalized to GAPDH. The ΔΔCT method was used to calculate the fold change in IL-1β expression.
Assay for corticosterone
Serum corticosterone (CORT) levels were measured using the instructions and reagents provided with a 3 H-CORT radioimmunoassay kit (ICN Pharmaceuticals Inc., Costa Mesa, CA, USA)
Measurement of the deep body temperature (Tb)
One week before the implantation of IL-1β delivering miniosmotic pumps, rats were implanted intra-abdominally with biotelemeters (model VM-FH; Mini-Mitter Co., Bend, OR, USA) as reported (Sopori et al. 1998a; Sopori et al. 1998b) . After the implantation, the animals were housed individually in plastic cages in special temperaturecontrolled rooms at 25°C±0.1°C. Signals for Tb were collected at 5-min intervals with a peripheral processor (Dataquest III system) connected to a personal computer. To test the pyrogenic properties of IL-1β contained in the miniosmotic pumps after 14 days of implantation, the contents of the pumps were harvested, pooled, and injected into biotelemeters implanted rats i.v. Tb was recorded following the injection of the contents of miniosmotic pumps or vehicle.
Statistical analysis
Statistical comparisons between three or more experimental groups were performed using a one-way analysis of variance. The Scheffe post hoc test was used to determine the significance among groups, and the Student's t-test was to compare the means between two groups (CON and IL-1β-treated). These statistical procedures were performed using ABSTAT (Anderson-Bell Corp., Arvada, CO, USA).
Results
Acute exposure to NT transitorily increases IL-1β expression in the brain
We and others have shown that NT is anti-inflammatory (Sopori 2002; Scott and Martin 2006; Ulloa and Wang 2007) and reduces the pyrogenic response to turpentineinduced sterile abscess (Sopori et al. 1998a; Sopori et al. 1998b; Razani-Boroujerdi et al. 2004) . Because the brain IL-1β is an important cytokine for the pyrogenic response to turpentine (Horai et al. 1998; Kozak et al. 1998) , we ascertained whether NT affected the expression of IL-1β in the brain. C57BL/6 mice were treated with a single i.p. injection of 7.5 μg of NT, and the brain IL-1β expression was determined by qPCR analysis at various times after NT injection. Surprisingly, within 1 h after NT treatment, the expression of IL-1β in the brain increased significantly and peaked at around 24 h post-NT administration (Fig. 1A) . Similar changes in the brain IL-1β expression were observed when LEW rats were challenged with 62.5 μg of NT via single i.p. injection (Fig. 1B) . Chronic treatment of C57BL/6 mice with NT through Alzet miniosmotic pumps increased IL-1β mRNA that peaked at 4 d and returned to the baseline around 8 d (Fig. 1C) ; a similar increase in IL-1β was also observed after chronic NT treatment of LEW rats that peaked at one wk but reverted to the baseline levels around 3 weeks after treatment (Fig. 1D) . Thus, both acute and chronic NT treatments increase the brain expression of IL-1β in both mice and rats; however, even in the continued presence of NT, the cytokine expression dropped within 2 to 3 weeks of chronic NT exposure. Interestingly, intramuscular (i.m.) administration of small quantities of turpentine (a model for sterile abscess) increased IL-1β expression in the brain of naïve control rats; however, animals treated chronically with NT for 2 to 3 weeks, failed to increase IL-1β after the turpentine treatment (Fig. 2) . The suppression of cytokine expression by chronic NT-treatment was not absolute, and larger doses of LPS broke the state of unresponsiveness and induced production of proinflammatory cytokines, including IL-1β and TNF-α (not shown). These results suggest that following the early increase in IL-1β, chronic NT induces a state of unresponsiveness ("tolerance") to proinflammatory/pyrogenic stimuli; however, the tolerance is not total and is broken by stronger proinflammatory stimuli.
Unlike WT mice, IL-1R KO mice do not exhibit NT-induced "tolerance"
To ascertain whether the early increase in IL-1β and its interaction with IL-1R were obligatory for the induction of NT-induced "tolerance", we compared the brain IL-1β expression in WT and IL-1R KO C57BL/6 mice after a 3-weeks exposure to NT. Although the IL-1R KO mice did not exhibit as robust NT-induced IL-1β expression as WT control mice, the brain IL-1β expression remained significantly higher than WT mice even after 3-weeks of NT exposure (Fig. 3) . Thus, unlike normal mice, where brain IL-1β expression returned to baseline after 1 to 3 weeks of exposure, increased IL-1β-induced expression persisted in IL-1R KO mice. Therefore, it is likely that production of IL-1β and the interaction between IL-1β and IL-1R during the early phase of NT treatment are critical for the induction of cytokine-induced suppression during the chronic phase of NT treatment.
IL-1R KO mice are resistant to the immunomodulatory effects of NT Nicotine inhibits the T-cell-dependent antibody response, T cell proliferation, and inflammatory responses (Sopori et al. 1989; Sopori et al. 1998a; Wang et al. 2003; RazaniBoroujerdi et al. 2004; Mishra et al. 2008) . To examine whether the immunosuppressive effects of NT were related to IL-1R-mediated responses, IL-1R KO and WT mice were chronically exposed to NT for 3 week, and spleen cells were examined for the AFC response to SRBC, Con A-induced T cell proliferation, and anti-TCR/CD28-stimulated rise in [Ca 2+ ] i . Although IL-1R KO mice exhibited a significantly lower anti-SRBC AFC response than WT mice, NT inhibited the AFC (Fig. 4A ) and Con A (Fig. 4B ) responses in WT but not in IL-1R KO mice. Similarly, NT significantly blunted the anti-TCR/CD28-induced rise in [Ca 2+ ] i in WT but not IL-1R KO spleen cells (Fig. 5 ). These data indicate that IL-1R KO mice are resistant to the immunosuppressive effects of NT, and IL-1β may play an important role in mediating the NT-induced immunosuppression.
ICV but not s.c. exposure to IL-1β inhibits the AFC response
To ascertain whether chronic exposure to IL-1β is immunosuppressive, rats were given IL-1β (100 ng/day/ Kg) either centrally (ICV) or peripherally (s.c.) via miniosmotic pumps for 1 and 2 week. The animals were Fig. 3 Chronically NT-treated IL-1R KO mice have higher brain expression of IL-1β mRNA than WT C57BL/6 mice. Mice (IL-1R KO and WT) were treated with NT (1 mg/kg/day) via Alzet miniosmotic pumps, and brain tissues were analyzed for 1L-1β expression by qPCR after 3 weeks of NT treatment. Bar graphs represents mean ± SEM from five mice/group. * P≤0.05 Fig. 2 Chronic NT exposure blocks turpentine-induced expression of IL-1β in brain. Rats were exposed to saline (CON) or NT for 3 weeks and then injected i.m. with turpentine (Turp). At 24 h after turpentine injection, brain mRNA was analyzed for IL-1β expression by qPCR. Results are mean ± SEM from five rats/group. * P≤0.05 Fig. 4 Chronic NT treatment does not affect the immune responses of IL-1R-KO mice. WT and IL-1R-KO mice (n = 6/group) were implanted with NT (2 mg/kg/day)-or PBS-containing Alzet miniosmotic pumps for 3 weeks. Four days prior to sacrifice, animals were immunized with SRBC, and the spleen cells were analyzed: (A) AFC/ 10 6 spleen cells; (B) Con A-induced proliferation as described in Materials and methods. Bar graphs represent mean ± SEM. * P≤0.05 immunized with SRBC 4 days before the sacrifice, and spleen cells were tested for the anti-SRBC AFC response. Until 1 week after IL-1β treatment, there was no significant difference in the AFC response between controls and IL-1β-treated animals (data not shown); however, at 2 weeks after IL-1β treatment, ICV but not s.c. administration of IL-1β led to a significant decrease in the anti-SRBC AFC response (Fig. 6) . ICV administration of IL-1β also inhibited T cell proliferation in response to Con A (Fig. 7A) and anti-TCR/CD28 (Fig. 7B) . Moreover, the increase in [Ca 2+ ] i in response to TCR ligation was also attenuated by the IL-1β treatment (Fig. 7C) . None of these parameters were affected by s.c. administration of IL-1β (not shown). These results suggest that chronic presence of low levels of IL-1β in the brain, but not in the periphery, suppresses T cell responses.
Chronic IL-1β exposure does not increase serum CORT levels Acute administration of IL-1β activates the hypothalamus-pituitary-adrenal (HPA) axis and increases the production of glucocorticoids (Skurlova et al. 2006 ). Therefore, it was possible that chronic low-dose IL-1β also stimulated CORT production that in turn suppressed T cell function. Blood CORT levels were determined in rats at 4 h after acute ICV IL-1β (50 ng/animal) administration and at 14 days after chronic ICV IL-1β (100 ng/day/kg body wt) exposure. While acute bolus exposure significantly increased the serum CORT level, chronic exposure Fig. 6 Chronic ICV IL-1β, but not s.c. IL-1β treatment inhibits the anti-SRBC AFC response. Rats (n=6/group) were given IL-1β (100 ng/day/kg), aCSF (CON) through ICV-implanted cannulas, or IL-1β (s.c.; 100 ng/day/kg) via s.c. miniosmotic pumps for 2 weeks, and immunized with SRBC 4 days prior to sacrifice. The anti-SRBC AFC response of spleen cells was determined as described in Fig. 4 . The graph represents mean ± SEM of AFC/10 6 spleen cells. * P≤0.05 to IL-1β did not cause significant change in CORT level on day 14 (Fig. 8) . Therefore, as with chronic NT treatment , it is unlikely that the immunosuppressive effects of the chronic IL-1β administration resulted from the increased serum CORT levels through activation of the HPA axis.
Chronic ICV administration of IL-1β reduces its pyrogenic activity
Chronic NT treatment blunts the turpentine-induced fever response in rats (Razani-Boroujerdi et al. 2004 ). To evaluate whether chronic ICV administration of IL-1β altered the pyrogenic response of animals, rats were intraabdominally implanted with biotelemeters to monitor Tb. Rats were also implanted with ICV cannulas for chronic administration of aCSF (control) or IL-1β (100 ng/day/kg body wt) through s.c.-implanted miniosmotic pumps. Tb was recorded every 5 min, and average Tb traces for controls and IL-1β-treated rats during the light/dark cycle of the day (where the rats are at rest or active, respectively) are shown in Fig. 9 . It is clear that during the early phase, IL-1β increased the Tb significantly and skewed the Tb circadian rhythm; however, continued presence of IL-1β blunted the Tb response and normalized its circadian rhythm. By day 10, IL-1β-treated rats were essentially indistinguishable from the aCSF-treated animals. To ascertain whether the IL-1β contained in the miniosmotic pumps retained its biological (pyrogenic) activity, pumps were removed from several animals on day 14, and the pooled material (equivalent to approximately 100 ng of IL-1β/kg body wt) was injected i.v. into naïve rats. Compared to aCSFtreated rats, the pooled sample caused a significant rise in Tb within 60 min of the injection (not shown), thus indicating that the IL-1β within osmotic pumps was biologically active at 2 weeks after the implantation. These results suggest that the constant presence of IL-1β in the brain blunts its pyrogenic activity.
Acute ICV administration of IL-1β activates Fyn and PTK activities in splenic T cells
One of the earliest effects of TCR ligation is the activation of PTK, including Src-like kinases Fyn and Lck (Salmond et al. 2009 ). NT exposure activates PTK and Fyn in T cells (Geng et al. 1996; Kalra et al. 2004) . To determine whether IL-1β stimulates PTK activities, rats were surgically implanted with ICV cannulas, and 1 week after the surgery a single administration of 50 ng of IL-1β in 5 μl of aCSF or aCSF alone was injected into the cannulas. In another group of rats, 50 ng of IL-1β in 50 μl of PBS was injected i.v. Animals were sacrificed 2 h later, and splenic T cells were isolated. After culturing with anti-TCR or isotype control antibodies for 2 min, T cell lysates were prepared, run on gels, and probed with anti-phosphotyrosine antibodies to detect total PTK activity. Extracts were also treated with anti-Fyn monoclonal antibody, and the immunoprecipitated Fyn was assayed for the kinase activity. Prior to anti-TCR treatment, the basal PTK activity in T cells from control rats (aCSF-treated) was low; the activity increased significantly after the anti-TCR treatment (Fig. 10A) . On the other hand, the PTK activity in T cells from ICV IL-1β-treated rats was high even before the anti-TCR treatment, and this activity did not increase significantly after the anti-TCR treatment. Similarly, the ICV IL-1β administration also increased the Fyn activity (Fig. 10B) . These results suggest that within 2 h a single ICV but not i.v. exposure of IL-1β activates intracellular signaling in splenic T cells.
Discussion
We have previously shown that chronic ICV exposure to very small amounts of NT (human equivalent of <0.5 cigarettes/day) caused immunosuppression that was blocked by the non-selective nicotinic acetylcholine receptor (nAChR) antagonist mecamylamine . This suggested that central nAChRs are involved in the NTinduced immunosuppression. Moreover, NT treatment also blocked the pyrogenic response of turpentine (an inducer of brain IL-1β levels), suggesting a possible link between IL-1β (the major pyrogen) and immunosuppression. Similar effects of NT on immunosuppression and pyrogenic activity were also observed when NT was chronically administered s.c. at higher doses (human equivalent of about 1 pack/day) (Sopori et al. 1998a; Sopori et al. 1998b) . Therefore, we expected that NT treatment would inhibit the formation of pyrogenic cytokine IL-1β in the brain. Surprisingly, however, the data presented herein clearly indicate that acute NT exposure actually increased IL-1β expression in the brain, and it is only after chronic NT exposure that IL-1β expression decreased to control levels. Although not as Fig. 8 Changes in serum CORT levels after ICV IL-1β administration. Rats were treated ICV with IL-1β (50 ng/day/kg) or aCSF (CON) for 4 h or 12 days. The 10:00 AM serum CORT levels were determined as described in Materials and methods. Bar graphs represent mean ± SEM of 4 animals/group. * P≤0.05 strongly, NT moderately increased the expression of TNF-α and IL-6 (not shown). Moreover, approximately 2 weeks into NT exposure, when challenged with an inflammatory stimulus such as turpentine or cryptococcal extracts (unpublished observation), the animals failed to elicit a proinflammatory cytokine response in the brain; however, the response to LPS was dose dependent (i.e., at low concentration of LPS nicotine was effective in blocking inflammation, but at high concentration, the selected concentration of nicotine was not very effective in moderating the proinflammatory response). Thus, NT induces a biphasic response in the brain: Acutely it induces the expression of proinflammatory cytokines, particularly IL-1β and, chronically, the anti-inflammatory phase replacing the initial proinflammatory phase, where continued presence of nicotine is unable to sustain the initial rise in IL-1β levels.
Proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 are produced during acute inflammatory responses (Dinarello 2000) ; however, IL-1β has also been implicated in neuroprotection (Stoll et al. 2002; Pinteaux et al. 2009 ). Increasing evidence shows that the early presence of these cytokines promotes protection against inflammation and sepsis (del Rey and Besedovsky 2000; Kox et al. 2000; Jin et al. 2009 ). In fact, when given prophylactically, IL-1β was protective in a mouse model of acute lung injury (Torre et al. 1994) . Similarly, pretreatment with sublethal doses of endotoxin increases proinflammatory cytokine production, but it also protects against septic peritonitis through a mechanism independent of the adaptive immunity (Urbaschek and Urbaschek 1987; Varma et al. 2005) ; similar results are achieved by pretreatment with IL-1β and TNF-α (Urbaschek and Urbaschek 1987) . Thus, in general, early presence of proinflammatory cytokines ushers in an anti-inflammatory phase, and it is possible that the early induction of IL-1β is critical for the subsequent immunosuppression and the anti-inflammatory response seen in chronically NT-treated animals.
Although, NT induces the expression of other proinflammatory cytokines (e.g., TNF-α, IL-6) in the brain, the predominant response is that of IL-1β, which is also implicated in the protection from neuroinflammation (Jin et al. 2009 ). To ascertain whether IL-1β is critical for the NT-induced immunosuppression, we used IL-1R KO mice. These mice tend to be immunologically hyporesponsive such as antibody response, clearance of pathogens (Lebeis et al. 2009) , and pyrogenic effects of turpentine (Kozak et al. 1998) ; however, unlike the WT mice, chronic exposure of IL-1R KO mice to NT did not cause the progressive decline in the IL-1β expression in the brain. Moreover, IL-1R KO mice were refractory to the immunosuppressive effects of chronic NT treatment, such as antibody response to SRBC and anti-TCR/CD28-induced T cell proliferation. Although the KO animals also expressed TNF-α, it did not replace the function of IL-1β in inducing the antiinflammatory phase of chronic NT treatment. Thus, the interaction between IL-1β and its receptor is critical for induction of NT-induced immunosuppression.
To prove that brain IL-1β modulates the immune/ inflammatory responses, we examined the effects of ICV administration of IL-1β on various parameters of inflammation and TCR signaling. Initially, IL-1β increased fever and the serum concentration of CORT; however, continued presence of IL-1β prompted a progressive decrease in Tb and serum CORT levels, and at around 10 days after IL-1β treatment, Tb and CORT were comparable to control animals. The decrease did not reflect the loss of IL-1β biological activity in the implanted pumps; as the IL-1β collected on day 14 from the implanted pumps induced a fever response in naïve animals. In addition to down- Fig. 9 Changes in Tb after ICV IL-1β or aCSF (CON) exposure. Rats (n=12/group) were implanted with biotelemeters to monitor Tb as described in Materials and methods. Seven days post-implantation, animals were given IL-1β (100 ng/d/kg) or aCSF (CON) via ICV cannulas in the morning. Average changes in Tb are shown for CON and IL-1β-treated animals 1 day before IL-1β/aCSF administration and 1, 7, and 10 days post IL-1β/aCSF ICV exposure. The horizontal bar over the X-axis indicates the dark (active) phase of the light/dark cycle regulation of the acute phase response (i.e., activation of the HPA axis and fever response), chronic IL-1β exposure also suppressed the T cell function including the mitogen and TCR-induced proliferative responses, and production of antibodies to SRBC. Thus, chronic exposure to IL-1β attenuates the innate and adaptive immune responses.
Under our conditions, unlike ICV administration, chronic s.c. administration of low concentrations of IL-1β did not significantly affect the immune responses. This was surprising because both IL-1β and TNF-α are protective in the mouse sepsis model (Urbaschek and Urbaschek 1987) . It is possible that, similar to NT (Sopori et al. 1998b) , the concentration of IL-1β required to elicit a biological response through peripheral routes is much higher than the concentration needed to produce a similar response via the ICV route, and it is likely that in our experiments the concentration of IL-1β required to affect immune responses was not attained through s.c. administration.
Chronic NT failed to suppress T cell responses in IL-1R KO mice. Given that these KO mice lack a functional IL-1 receptor, the loss of IL-1 function in these animals is understandable; however, IL-1R KO mice have a functional TNF-α receptor and exhibit a moderate increase in TNF in response to NT (not shown). Thus, TNF-α is not as efficient as IL-1β in inducing the immunosuppressive phase in these mice. There are two potential but not necessarily mutually exclusive explanations for the failure of IL-1R KO mice to respond to elevated levels of TNF-α after NT treatment: (a) the immune/inflammatory responses in IL-1R KO are relatively weak and the concentration of TNF-α elicited by NT in KO mice was not sufficient to affect the immune response. Moreover, IL-6 and TNF-α are considered to be IL-1-responsive genes and are significantly reduced in IL-1R KO glial cells (Parker et al. 2002) ; (b) the efficacy of a cytokine to induce the protective response depends on the mouse strain. Thus, IL-1 is far superior in providing radioprotection in C57BL/6 than C3H mice, and TNF is better than IL-1 in C3H than C57BL/6 (Neta et al. 1988) . Because IL-1R KO mice are on a C57BL/6 background, it is likely that IL-1β is a superior inducer than TNF-α in these mice. Although we directly tested only IL-1β in this model, NT also induced IL-1α and, because both cytokines activate the same receptor, it is possible that either of them could be effective in dampening the immune response.
A bidirectional communication exists between the brain and the immune system (Blalock 1994) , and chronic presence of IL-1β in the brain may modulate this communication. However, it is clear that even the acute presence of IL-1β affected the interaction between the brain and the immune system and ICV, but not i.v., administration of relatively small concentrations of IL-1β-induced Fyn and PTK activities in splenic T cells within 2 h of the administration. Thus, changes in the brain milieu are immediately transmitted to the immune system.
The above results, we believe, provide the first direct demonstration that a neuroactive substance such as NT invokes a proinflammatory response in the brain to control the immune system. A number of human conditions are associated with upregulated expression of IL-1 in the brain that eventually leads to immunosuppression. For example, head trauma stimulates an inflammatory response followed by a compensatory anti-inflammatory response (Lenz et al. 2007; Lu et al. 2009 ). Similarly, the proinflammatory phase of neuroinflammation is essential for limiting subsequent inflammation (Kox et al. 2000; Varma et al. 2005 ), and we suggest that change in the cytokine milieu in the brain is an Fig. 10 Acute ICV administration of IL-1β activates Fyn and PTK activities in splenic T cells. Rats (3/group) were implanted with ICV cannulas 1 week prior to single injection of 5 μl of aCSF (CON) or IL-1β (50 ng/kg). Spleen cells were isolated and the extracts were resolved by Western blotting and visualized by anti-phosphotyrosine antibodies for PTK activity (A). The extracts were also immunoprecipitated with an anti-Fyn antibody, and the immunoprecipitates were used to determine Fyn kinase activity (B) as described in Materials and methods. Representative blots are shown in the figures important mechanism for limiting the immune/inflammatory responses. Furthermore, we postulate that the brain senses inflammation through proinflammatory cytokines, in particular IL-1, and, because inflammation can have severe adverse consequences in the CNS, the brain has developed a mechanism(s) to limit the immune and inflammatory responses. The precise mechanism by which the chronic presence of IL-1 limits immune/inflammatory responses is not clear. It is possible that the chronic presence of IL-1 downregulates the expression of IL-1 receptors and/or the production of the soluble IL-1R antagonist; however, these possibilities remain to be explored.
